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Effect of hydroxamate siderophores on Fe release and Pb(II) adsorption by goethite
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Abstract—Hydroxamate siderophores are biologically-synthesized, Fe(III)-specific ligands which are com-
mon in soil environments. In this paper, we report an investigation of their adsorption by the iron oxyhy-
droxide, goethite; their influence on goethite dissolution kinetics; and their ability to affect Pb(II) adsorption
by the goethite surface. The siderophores used were desferrioxamine B (DFO-B), a fungal siderophore, and
desferrioxamine D1, an acetyl derivative of DFO-B (DFO-D1). Siderophore adsorption isotherms yielded
maximum surface concentrations of 1.5 (DFO-B) or 3.5 (DFO-D1)mmol/g at pH 6.6, whereas adsorption
envelopes showed either cation-like (DFO-B) or ligand-like (DFO-D1) behavior. Above pH 8, the adsorbed
concentrations of both siderophores were similar. The dissolution rate of goethite in the presence of 240mM
DFO-B or DFO-D1 was 0.02 or 0.17mmol/g hr, respectively. Comparison of these results with related
literature data on the reactions between goethite and acetohydroxamic acid, a monohydroxamate ligand,
suggested that the three hydroxamate groups in DFO-D1 coordinate to Fe(III) surface sites relatively
independently. The results also demonstrated a significant depleting effect of 240mM DFO-B or DFO-D1 on
Pb(II) adsorption by goethite at pH. 6.5, but there was no effect of adsorbed Pb(II) on the goethite
dissolution rate. Copyright © 1999 Elsevier Science Ltd

1. INTRODUCTION

Siderophores are Fe(III)-specific ligands of low relative molec-
ular mass that are synthesized by fungi and bacteria as a
response to iron stress (Powell et al., 1982; Telford and Ray-
mond, 1996). Fungi produce mainly trihydroxamate sid-
erophores, a typical example being desferrioxamine B (Powell
et al., 1982; Crumbliss, 1991; Albrecht-Gary and Crumbliss,
1998), in which three hydroxamate groups (Fig. 1) contribute to
hexadentate ligation of Fe31 in 5 membered rings with an
exceptional combination of high specificity and stability (1:1
complex formation constant of 1031 (Telford and Raymond,
1996), as compared to 1025 for Fe-EDTA). These siderophores
are common in soil environments (Powell et al., 1982; Crowley
and Gries, 1994). Their soil solution concentrations increase
significantly with organic matter content and with proximity to
living plant roots (Powell et al., 1982; Crowley et al., 1987).

Watteau and Berthelin (1994) demonstrated the efficacy of
trihydroxamate siderophores as promoters of Fe(III)-mineral
dissolution by incubating samples of synthetic goethite
(a-FeOOH) over a month long period at 24°C withSuillus
granulatus, an ectomychorrhizal fungus, and with an abiotic
126 (mM solution of desferrioxamine B. Significant quantities
of Fe were mobilized by the fungi in close correspondence with
their production of siderophores. Goethite was dissolved very
rapidly at pH 3 by desferrioxamine B (,2 days) at a rate that
was about an order of magnitude greater than dissolution at pH
3 promoted by H1 or by common aliphatic acids. Noting that
the Fe solubilized after 28 days accounted for only about 8% of
the complexing capacity of the added desferrioxamine B,

Watteau and Berthelin (1994) suggested that further research
was needed on the accessibility of this siderophore to the
goethite surface.

Holmén and Casey (1996; 1998) and Holme´n et al. (1997)
have explored the mechanisms of hydroxamate-promoted dis-
solution of goethite in studies utilizing a model compound,
acetohydroxamic acid (Fig. 1), which is a small ligand possess-
ing a single hydroxamate functional group. They concluded
from dissolution kinetics data, as well as from FTIR spectro-
scopic measurements, that adsorbed acetohydroxamic acid
forms a surface chelate with exposed Fe31 by an associative
ligand exchange mechanism (Stumm et al., 1990; Holme´n and
Casey, 1996). The metal-organic bonding in the surface chelate
formed with this bidentate ligand is very similar to that in the
soluble Fe(III) chelate, which is a five-membered ring includ-
ing the N-O bond (Holme´n et al., 1997). No evidence for
multinuclear surface complexes or unidentate ligation under the
conditions of their experiments was found by Holme´n et al.
(1997). Holme´n and Casey (1996; 1998) noted also that the
adsorption envelope (graph of amount adsorbed versus pH) for
acetohydroxamic acid on goethite was ligand-like (Stumm,
1992), as expected. The rate of goethite dissolution was much
less than the rate of surface complex formation, leading there-
fore to the well-known linear correlation between the dissolu-
tion rate coefficient and adsorbed ligand concentration (Stumm
et al., 1990).

In this paper, we report the first adsorption and dissolution
experiments involving goethite and the fungal siderophore,
desferrioxamine B. One objective of our study was to provide
basic information about the surface concentrations of this tri-
hydroxamate siderophore and its influence on goethite disso-
lution kinetics. Adsorption and dissolution experiments also
were performed with an acetyl derivative of desferrioxamine B,
namely desferrioxamine D1, in which the proton on the termi-
nal amine group in desferrioxamine B is replaced by an acetyl
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group (Fig. 1), thereby removing a source of positive charge on
the siderophore. Desferrioxamine B is a cationic species at
pH , 8 (Borgias et al., 1989). Desferrioxamine D1 is excreted
by the actinomyceteStreptomyces pilosus(Bickel et al., 1960;
van der Helm et al., 1987). It was used in our experiments to
provide additional data for extrapolating from the behavior of
the neutral acetohydroxamic acid (Holme´n et al., 1997) to that
of the positively-charged desferrioxamine B.

Although the stability constants of complexes between sid-
erophores and other trace metals are not as high as that with
Fe(III), they are not insignificant (Hernlem et al., 1995). These
relatively high stability constants, together with the common
occurrence of siderophores in soil environments, suggest that
siderophores could potentially have impact on the transport and
mobility of trace metals other than Fe(III). To explore this
possibility, some of our experiments included adsorbed Pb(II)
as a typical hazardous trace metal whose surface complexation
reactions with goethite have been investigated extensively (e.g.,
Müller and Sigg, 1992; Rodda et al., 1993; Gunneriusson et al.,
1994; Bargar et al., 1997), and for which formation constants of
Pb(II)-desferrioxamine B complexes in aqueous solution are
available (Hernlem et al., 1995). Our new results, pertaining to
the effect of a hydroxamate siderophore on adsorbed Pb(II), are
relevant to hazardous metal waste recovery and remediation in
soils (Brainard et al., 1992).

2. EXPERIMENTAL

2.1. Materials

Goethite was synthesized by the method of Schwertmann and Cor-
nell (1991) and freeze dried. Powder X-ray diffraction (Siemens)
confirmed that the synthesized solid was goethite. Its specific surface
area was 356 3 m2/g, as determined by the static BET method.

The sample of desferrioxamine B (DFO-B) used was produced by
Ciba-Geigy (Desferalt) and received as a gift from the Salutar Corpo-
ration. The sample of desferrioxamine D1 (DFO-D1) used was pre-
pared from DFO-B by per-acetylation in methanol. Hydrolysis of the
hydroxamate esters of the per-acetylated DFO-B with ammonia gave
the desired DFO-D1 product in good yield. The mesylate salt of DFO-B
(6.58 g or 10 mmol) and sodium acetate (3.28 g or 40 mmol) were

dissolved in 100 mL methanol. Acetic anydride (57 mL, 50 mmol) was
added slowly to this ice-cooled solution. The mixture was stirred for
8 hr under N2 and the volatile products were removed under vacuum.
A colorless thick oil of per-acetylated DFO-B resulted and was used
directly for the next step of the preparation reaction. The crude per-
acetylated DFO-B was dissolved in methanol (40 mL) and diluted with
diethyl ether (150 mL). After cooling at220°C for 4 hr, the solution
was filtered to remove insoluble material. The filtrate was saturated
with gaseous ammonia andN-DFO-D1 was precipitated as a white
solid, which was then washed with cold water (m.p. (uncorrected)
180–181°C). The product yield was 4.5 g (7.46 mmol, or 74.6%). A
500 MHz 1H NMR spectrum obtained on a Bruker AMX-500 spec-
trometer confirmed the composition and purity. Product analysis found
calculated (measured) concentrations of C27H50N6O9 to be 53.82%
(53.55%), 8.30% (8.40%), 13.95 (13.97%).

Solutions containing desferrioxamine B mesylate, desferrioxamine
D1, Pb ICP standard solution (Ultra Scientific), Fe ICP standard solu-
tion (Ultra Scientific), Na perchlorate (GFS, ACS grade), HEPES
buffer [4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid] (Sigma,
Ultra), MOPS buffer (4-morpholinepropanesulfonic acid; Boehringer,
reagent grade), Fe (III) perchlorate hexahydrate (GFS, ACS grade),
perchloric acid (Fisher, Optima) were prepared with high-purity 18 MV
cm21 water (Milli-Q Plus, Millipore).

2.2. Analytical Methods

The concentrations of DFO-B and DFO-D1 were measured with a
Shimadzu UV-160 spectrophotometer at 463.2 nm as the siderophore
complex in the presence of excess Fe. To prevent precipitation of Fe
hydroxide, the pH value was adjusted to 1.5 by adding a predetermined
volume of perchloric acid (dilution effects taken into account). After
acidification, Fe(III) perchlorate solution was added to a final Fe
concentration of 312mM. Standards were prepared with siderophore
concentrations of 20, 40, 80, 120, 160, and 200mM. Experimental
samples were treated analogously to the standards. Iron and Pb were
determined by ICP-AES (Thermo Jarrel-Ash) using emission lines at
238.2 and 220.3 nm, respectively. Proton activity was measured with a
pH meter (Orion 720 A) and a Ross combination electrode calibrated
with buffers at pH 4.0, 7.0, and 10.

2.3. Adsorption Measurements

Lead adsorption edge measurements (amount adsorbed as a function
of pH) were performed in 0.01 M NaClO4 at a goethite concentration
of 0.5 g/L, open to the atmosphere, and at ambient temperature. Some
samples contained 5 mM HEPES buffer. All samples were prepared in
duplicate. Blanks (i.e., without goethite) were prepared over the pH
range 3–9 to investigate Pb adsorption to container walls and filters,
which was found to be,3% of the initial Pb concentration. In the batch
adsorption experiments, 15 mg goethite and 25 g electrolyte (with or
without buffer) were placed in 30 mL amber HDPE (high density poly
(ethylene)) bottles. Lead and DFO-B stock solutions were added to
final concentrations of 3.38mM and 240mM, respectively (Table 1).
Predetermined amounts of acid or base were then added to reach the
desired pH value for each sample. The sample bottle was filled with
electrolyte (buffer) to a final mass of 30 g and placed on a rotary shaker
for 18 h. The equilibrated samples were filtered using a 0.05mm mixed
cellulose acetate syringe filter (MF-Millipore). The first 3 mL of the
filtrate were discarded, then 10 mL were filtered and retained for pH
determination. Finally, 10 mL were collected for Pb and Fe analysis
and acidified using 60mL concentrated HClO4. The saturation state of
all relevant solid Pb hydroxides and carbonates were calculated, and it
was ascertained that all such solid phases were undersaturated under
the experimental conditions of our study.

Adsorption isotherms and envelopes for DFO-B and DFO-D1 on
goethite were measured at a high solids concentration of 13 g/L,
because preliminary experiments indicated that the maximum DFO-B
and DFO-D1 surface concentrations on goethite are relatively low. A
disadvantage of this arrangement is a high rate of iron dissolution and
the concomitant decrease of the free ligand concentration, particularly
in the presence of DFO-D1. Therefore, the reaction times were short:
only 50 min for DFO-D1 and 18 hr for DFO-B. All adsorption mea-
surements were performed in 0.01 M NaClO4 solution with 5 mM

Fig. 1. Molecular structure of desferrioxamine B and D1. The three
hydroxamate groups are at the bottom of the structure. The small
ligand, acetohydroxamic acid, shown at the lower left, contains only a
single hydroxamate group.
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MOPS buffer, open to the atmosphere, and at ambient tempreature. All
samples were prepared in duplicate. Blanks (i.e., without goethite) were
prepared over the pH range 3–9 to investigate adsorption to container
walls and filters, which was found to be,3.5% of the initial DFO-B or
DFO-D1 concentration. In these batch studies, 390 mg goethite and
14 g electrolyte (with or without buffer) were placed in 30 mL amber
HDPE bottles. Then DFO-B or DFO-D1 stock solution was added to
give a final concentration of 150mM for the adsorption edge determi-
nation and between 10 and 150mM for the adsorption isotherm
measurements (Table 1). Predetermined amounts of acid or base were
added to reach the desired pH for each sample (i.e., pH 6.6 for the
adsorption isotherm and pH 3 to 9 for the edge measurements). The
sample bottle was filled with electrolyte solution to a final mass of 30 g
and placed on a rotary shaker for 18 hr (DFO-B) or 50 min (DFO-D1)
to minimize goethite dissolution. The samples were filtered using a
0.05 mM syringe filter (MF-Millipore). The first 3 mL of the filtrate
were discarded, then 10 mL were filtered for pH measurement. Finally,
10 mL were collected for analysis of dissolved Fe and ligand concen-
trations.

2.4. Dissolution Kinetics

Goethite dissolution kinetics were measured at pH 6.5 (where proton
and hydroxide effects on dissolution should be minimal and coagula-
tion processes are negligible) in batch experiments with a solids con-
centration of 0.5 g/L in 0.01 M NaClO4 solution. All samples contained
5 mM MOPS pH buffer except for one batch experiment that was
performed to verify that this buffer does not influence goethite disso-
lution rates. Dissolution experiments in the presence of DFO and Pb
were designed to investigate the effect of adsorbed Pb on dissolution.
In each experiment, goethite was suspended in electrolyte solution by
ultrasonification for 1 min. Then DFO-B (or DFO-D1) and Pb stock
solutions were added (Table 1) and pH was adjusted to 6.5 with 0.1 M

NaOH. Finally, electrolyte was added to make a final sample mass of
200 g. The samples then were continuously mixed on a horizontal
shaker. Aliquots were taken over time and filtered with 0.05mm
syringe filters (MF-Millipore). The filtrate was acidified to approxi-
mately pH 1 with concentrated perchloric acid and stored in a refrig-
erator for no more than 1 wk prior to chemical analysis.

2.5. Data Treatment

Lead speciation in the presence of DFO-B was calculated using the
chemical equilibrium model PHREEQC (Parkhurst, 1995). Thermody-
namic constants used in the calculations were taken from the literature
(Table 2). Since the Pb adsorption experiments were open to the
atmosphere, the stability of Pb hydroxides and carbonates were calcu-
lated, and it was ascertained that all such solid phases were undersatu-
rated under the experimental conditions of our study.

3. RESULTS

3.1. Adsorption of Lead

In the absence of an organic ligand, Pb is known to adsorb
strongly to goethite with increasing pH (Hayes and Leckie,
1986; Roe et al., 1991; Mu¨ller and Sigg, 1992; Kooner, 1993;
Rodda et al., 1993; Gunneriusson et al., 1994). Figure 2 (square
symbols) indicates that pH50 ' 5.5 and, at pH. 7, all Pb added
is adsorbed. This result is consistent with previous observations
of Pb adsorption, in the presence of a variety of background
electrolytes at various initial Pb concentrations and solid con-
centrations. Both DFO-B and DFO-D1 similarly influence the
adsorption of Pb above pH50 (Fig. 2). In the presence of

Table 1. Experimental conditions for adsorption and dissolution studies.

Experiment
Pbtotal

[mM]
Ligandtotal

[mM] pH
Solid/liquid

[g/L]
Reaction

time

Lead adsorption edge 3.48 None 3.5–7.5 0.5 18 h
3.48 240 (DFO-B) 3.5–9.0 0.5 18 h
3.48 240 (DFO-D1) 3.5–9.0 0.5 18 h

DFO-B adsorption isotherm none 15–150 6.6 13 18 h
DFO-B adsorption envelope none 150 3–9 13 18 h
DFO-D1 adsorption isotherm none 10–150 6.6 13 50 min
DFO-D1 adsorption envelope none 150 3.8–8.5 13 50 min
Dissolution kinetics none 240 (DFO-B) 6.5 0.5 14.5 days

none 240 (DFO-D1) 6.5 0.5 14.5 days
3.48 240 (DFO-B) 6.5 0.5 14.5 days
17.4 240 (DFO-B) 6.5 0.5 14.5 days

Dissolution kinetics (without pH buffer) none 240 (DFO-B) 6.5 0.5 14.5 days

Table 2. Conditional formation constants (Kc) included in the model calculatons. All constants are corrected to I5 0.01 M.

Reaction log Kc Reaction log Kc

DFO32 1 H N HDFO22 10.46a Pb21 1 OH2 1 CO3
22 N PbOH(CO3)

2 10.70a

HDFO22 1 H1 N H2DFO2 9.35a Pb21 1 OH2 N PbOH1 6.58a

H2DFO2 1 H1 N H3DFO 8.90a Pb21 1 2 OH2 N Pb(OH)2(aq) 11.18a

H3DFO 1 H1 N H4DFO1 8.38a Pb21 1 3 OH2 N Pb(OH)3
2 14.23a

Pb21 1 HDFO22 N PbHDFO 9.48b 2 Pb21 1 OH2 N Pb2OH31 7.61a

Pb21 1 H2DFO 2 N PbH2DFO1 8.99b 3 Pb21 1 4 OH2 N Pb3 (HO)4
21 32.66a

Pb21 1 H3DFON PbH3DFO21 5.92b 4 Pb21 1 4 OH2 N Pb4(HO)4
41 36.20a

2 Pb21 1 HDFO22 N Pb2HDFO21 15.77b 6 Pb21 1 8 OH2 N Pb6(OH)8
41 69.16a

Pb21 1 CO3
22N PbCO3(aq) 4.56a H1 1 CO3

22 N HCO3
2 10.46a

Pb21 1 2 CO 3
22 N Pb(CO3)2

21 8.02a H1 1 HCO3
2N H2CO3 6.402a

Pb21 1 CO3
22 N PbCO3(s,Cerrusire) 213.49a

a Martell et al. (19995).
b Hernlem et al. (1995).
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240mM siderophore, adsorbed Pb does not exceed 70% of the
initial concentration, an effect that can be understood qualita-
tively by considering the competition between goethite surface
sites and siderophore ligands for Pb.

3.2. Adsorption of DFO-B and DFO-D1

Adsorption isotherms for DFO-B and DFO-D1 at pH 6.6 are
presented in Fig. 3. These L-type isotherms (Sposito, 1989)
show maximum adsorbed siderophore concentrations of ap-
proximately 1.5 (DFO-B) and 3.5 (DFO-D1)mmol/g. Both of
these surface concentrations are much smaller than even the
lower range of previously-measured goethite surface-site con-
centrations (Cornell and Schwertmann, 1996). The adsorption
envelope of DFO-D1 (Fig. 4) is typical of a ligand (Stumm et
al., 1990; Stumm, 1992), with maximum adsorption being
observed at pH 4.2. By contrast, the adsorption envelope of
DFO-B (Fig. 4) is more like that of a monovalent cation
(Stumm et al., 1990; Stumm, 1992), with adsorbed concentra-
tions close to 1.5mmol/g achieved at pH, 7. Above pH 7.5,
DFO-B adsorption increases to about 2.5mmol/g.

3.3. Dissolution of Goethite

Figure 5 shows data on the dissolution of goethite in the
presence of DFO-B or DFO-D1 at pH 6.5 and a total sid-

erophore concentration of 240mM. After an initial fast reac-
tion, slow dissolution with a constant rate is observed. The
dissolution rate in the presence of DFO-D1 (0.17mmol/g z h)
was almost an order of magnitude higher than the dissolution
rate in the presence of DFO-B (0.02mmol/g z h). This latter
result is comparable with the dissolution rate of goethite (0.01
mmol/g z h) observed by Watteau and Berthelin (1994) at a
lower total DFO-B concentration of 126mM. The presence of
adsorbed Pb (total added concentrations of 3.48 and 17.4mM)
had no significant effect on dissolution in the presence of
DFO-B (Fig. 5). The dissolution rate in the absence of the pH
buffer was similar to the rate in the presence of 5 mM MOPS,
where solution pH drifted from 6.5 to 5.8.)

4. DISCUSSION

At pH . 5.5, a significant effect of DFO-B and DFO-D1 on
the adsorption of Pb by goethite was found at the initial
Pb/siderophore molar ratio of 0.014 used in this study (Fig. 2).
It is noteworthy that, under the conditions of the present ex-
periments, DFO-B and DFO-D1 were able to mobilize about

Fig. 2. Adsorption edge for Pb (initial conc. 3.38mM) on goethite in
the absence of siderophore, and in the presence of 240mM DFO-B or
DFO-D1. Error bars indicate twice the standard deviation of duplicate-
sample measurements. Open diamonds are results obtained in the
absence of pH-buffer; otherwise [HEPES]5 5 mM.

Fig. 3. Adsorption isotherms for DFO-B (diamonds) and DFO-D1
(squares) on goethite. Error bars indicate twice the standard deviation
of duplicate-sample measurements: 0.01 M NaClO4; solid conc. 13
g/L; [MOPS] 5 5 mM; pH 5 6.6.

Fig. 4. Adsorption envelope for DFO-B (diamonds) and DFO-D1

(squares) on goethite. Error bars indicate twice the standard deviation
of duplicate-sample measurements. The total ligand concentration was
150 mM; 0.01 M NaClO4; solid conc. 13 g/L; [MOPS]5 5 mM.

Fig. 5. Iron release by goethite in the presence of DFO-D1 (X) or
DFO-B (all other symbols). The effect of Pb on DFO-B-promoted
dissolution was investigated by adding total Pb at concentrations of
3.38 or 17.7mM (diamond and triangle, respectively). The pH was 6.5
with a buffer concentration of 5 mM (MOPS), except for one series of
experiments (1) that was performed without buffer and in which pH
was allowed to drift from pH 6.5 initially to 5.8. The ligand concen-
tration was 240 M in all experiments; 0.01 M NaClO4; solid conc. 0.5
g/L.
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one-third of the Pb adsorbed on goethite at pH. 6.5. In the
case of DFO-B, the suppression of Pb adsorption was greatest
just below pH 8, where the soluble complex species
H2PbDFO1 has its maximum concentration (Fig. 6). In the
case of DFO-D1, the absence of any increase in Pb adsorption
at pH . 8 could reflect the absence of positively charged
soluble Pb species that can be attracted to the goethite surface.

The low adsorption capacity of goethite for DFO-D1 at pH 4
(4 mmol/g, Fig. 4) suggests that the binding of the siderophore
at the mineral surface is limited by stereochemical constraints.
Under our experimental conditions (pH 6.6), the maximum
surface concentration of DFO-D1 is about 3.5mmol/g (Fig. 3).
This result can be compared directly with the surface concen-
tration of acetohydroxamic acid (aHA) measured on goethite
under comparable conditions by (Holme´n and Casey, 1996), 10
mmol/g. Iron(III) coordination by aHA has been investigated by
CIR-FTIR spectroscopy (Holme´n et al., 1997), which shows
that this bidentate ligand forms only mononuclear complexes
both in solution and at the goethite surface. If excess ligand is
present (i.e., Ldiss/Fediss .3), Fe(aHA)3 is the dominant solu-
tion complex near neutral pH (Holme´n and Casey, 1996) with
a formation constant of 1028.3 (Martell et al., 1995). Compared
to the dissolved tris aHA complex, Fe(III) complexation by
DFO-B or DFO-D1 in solution exhibits only a small chelate
effect, with a Fe(III) complex formation constant of 1031 (Al -
brecht-Gary and Crumbliss, 1998). This suggests that the three
ligating groups, connected by a flexible linear organic chain
(Fig. 1), coordinate Fe(III) in solution independently, in effect-
like, coordination by three discrete aHA ligands. If similar
behavior occurs at low surface coverage on goethite, a ratio of
adsorbed DFO-D1 to aHA equal to 1/3, as described above, is
indeed expected under similar experimental conditions. The
maximum DFO-B surface concentration, on the other hand, is
less than half that of DFO-D1 (Fig. 4). Since the coordinating
groups of the 2 ligands are identical, the difference in adsorp-
tion behavior must arise from a difference in molecular species
charge. The positive charge on DFO-B leads to electrostatic
repulsion between the ligand and the goethite surface, which is
also positively charged for pH, 8. At pH . 8, electrostatic
repulsion no longer exists and the adsorbed concentrations of
DFO-B and DFO-D1 indeed do converge (Fig. 4).

Our goethite dissolution experiments in the presence of

DFO-B or DFO-D1 were conducted at pH 6.5 with a total
ligand concentration of 240mM. The dissolution rate in the
presence of DFO-D1 (0.17mmol/g z h) is in good agreement
with that reported by Holme´n and Casey (1998) for goethite in
the presence of aHA at a surface concentration of 10mmol/g
(i.e., at 3 times the DFO-D1 surface concentration), which is
0.16 mmol/g z h (Holmén and Casey, 1998). The surface con-
centration of DFO-D1 is about twice that of DFO-B under these
conditions (Fig. 3), but the dissolution rate in the presence of
DFO-D1 is more than 8 times higher than in the presence of
DFO-B. Hence, the effect of these two ligands on the goethite
dissolution rate is not linearly related to the adsorbed coordi-
nating-ligand concentration.
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